US008310413B2
12 United States Patent (10) Patent No.: US 8.310.413 B2
Fish et al. 45) Date of Patent: Nov. 13, 2012
(54) ELECTROLUMINESCENT DISPLAY (38) Field of Classification Search .............. 2577/79-80;
DEVICES 315/169.1-169.3; 345/36, 4546, 48, 55,
345/58, 7683, 204-207; 313/498, 506,
(75) Inventors: David A. Fish, Haywards Heath (GB); 313/169.1-169 3- 250/216

Nigel D. Young, Redhill (GB); Herbert
Lifka, Son (NL); Andrea Giraldo,

"S-Hertogenbosch (NL); Wouter Oepts,
Eindhoven (NL)

See application file for complete search history.

(56) References Cited

(73) Assignee: Koninklijke Philips Electronics N.V., U.S. PALTENT DOCUMENTS

Eindhoven (NL) 5,751,261 A * 5/1998 Zavrackyetal. .............. 345/55
(Continued)
*) Notice: Subject to any disclaimer, the term of this
] Y
patent 1s extended or adjusted under 35 FOREIGN PATENT DOCUMENTS
U.5.C. 154(b) by 967 days. EP 717446 A2 6/1996
(21) Appl.No.:  10/598,822 (Continued)
(22) PCTFiled:  Mar. 2, 2005 OIHER PUBLICATIONS

ISR: PCT/IB05/050768.
(86) PCT No.: PCT/IB2005/050768

§ 371 (c)(1),
(2), (4) Date: May 16, 2007

(Continued)

Primary Examiner — Bipin Shalwala

(87) PCT Pub.No.: WO02005/091262 Assistant Examiner — Matthew Fry
PCT Pub. Date: Sep. 29, 2005 (57) ABSTRACT
(65) Prior Publication Data An active matrix display device comprises an array of display
pixels, with each pixel comprising an EL display element, a
US 2007/0241998 Al Oct. 18, 2007 light-dependent device for detecting the brightness of the

display element and a drive transistor circuit for driving a

(30) Foreign Application Priority Data current through the display element. The drive transistor 1s
Mar. 17, 2004 (GB) weoooooeooeoeeoeoeoeoo 04061073  controlledinresponse to the light-dependent device output so
that ageing compensation can be implemented. The light-
(51) Int.Cl. dependent device 1s located laterally of the area of light emiut-
G096 3/30 (2006.01) ting material of the EL display element. In this way, the
G09G 5/00 (2006.01) light-dependent device does not cause step coverage prob-
G09G 3/10 (2006.01) lems and can be integrated into the pixel layout without
GOol’ 3/033 (2006.01) alfecting the pixel aperture. Furthermore, the light dependent
HO01J 3/14 (2006.01) device can extend alongside the full length of the area of light
HO1J 1/62 (2006.01) emitting material so that it receives light input from a large

HOIL 27/15 (2006.01) part of the display element area.

(52) US.CL ... 345/76; 250/216; 257/79; 313/498;

315/169.1;345/204 21 Claims, 8 Drawing Sheets




US 8,310,413 B2
Page 2

6,320,325
0,424,326
6,774,578
7,068,246
2001/0026125
2002/0027229
2002/0079512
2002/0180672
2003/0047736
2004/0031965

U.S. PATENT DOCUMENTS

Bl

B2 *
B2 *

B2

o el

S
LS
'h=I<
3
3

3

11/2001
7/2002
8/2004
6/2006

10/2001
3/2002
6/2002

12/2002
3/2003
2/2004

Cok et al.

Yamazaki etal. .............. 345/77
Tanada .........coeevvennen, 315/1694
Yamazaki etal. .............. 345/76
Yamazakietal. ............ 313/505
Yamazaki etal. .............. 257/84
Yamazakietal. ............ 257/200
Yamazaki etal. .............. 345/77
Hayashietal. ................ 257779
Forrestetal. ................... 257/79

2005/0253790 Al* 112005 Uchida .......ccooovinnennnn, 345/76
2006/0132401 Al* 6/2006 Yamazakietal. ... 345/81
2008/0170007 Al* 7/2008 Tanada ...........cccooeeeeeeinnn, 345/76

FOREIGN PATENT DOCUMENTS

EP 1096466 Al 5/2001
WO 0120591 Al 3/2001
OTHER PUBLICAT

Written Opinion: PCT/IB05/050768.

* cited by examiner

ONDS



U.S. Patent Nov. 13, 2012 Sheet 1 of 8 US 8,310,413 B2

—————————————

-

[Fe———|———————— — ——

!
H.
L .
N

+

FIG. 2 PRIOR ART



US 8,310,413 B2

Sheet 2 of 8

Nov. 13, 2012

U.S. Patent

‘
"u'uli
oy 1-1-nhuh\%ﬁhhu}hhu‘nhuuu\ﬁiﬂﬁyyh e i Y o e o o o o o o o o o o g o T

m‘u‘u‘u&h‘ﬁﬁ“ﬂﬁhﬁmﬁﬂm%‘-'&hhI-I-I-I-I-I-I-h'hlﬂﬂﬂﬂﬂﬂﬂ-
- i
[ | [ | 3 - r "
L L] B -.,,_"'-"
I
1 -1
g S .- - .
S, - ' > ;'\ ' EEAEEE NN
l

S

T

g g g i i I i o i o o i i g g F

Qu--n-m.
&
Tsﬁr
S
'y

£4 4

¥
7 1
3
& 1y
L

o
£

..w l.h.-._nin
F
S r
o .ﬁi
: r
£ L m P ¢ A
ra ¥
t-.‘l...- 1 "
x ﬂ ‘-ut 1 lllll
e i

PRIOR - ART

FIG. 3

Iy . .

Mg oy
S,
-_.._...__.,.___._..T.M e

o’
.n- hit ¥ 8

.h..-(

'y

PRIOR - ART

FIG. 4



U.S. Patent Nov. 13, 2012 Sheet 3 of 8 US 8,310,413 B2

Bl mw - = kT

7
4-":.'-.

nr
- S
'm : b 1_.“:“-3.“
- w o e - 'y Y,
g g s iy i ,a.‘_."---r - mm AT mE R, AWmE L] ':|1I|.1-P'-rr"‘ "l:l-r'l-
o e T l"".: L .'."-l.-:h.l'-.-"".. a2’ mm L -."u‘-I-l.'-:L:h"l..l"" - ! -..'\:".'
e N N R e i i A e L e o I T B UL ST A X +
W AR R T e N AN L e s A AR AR AT T DM -
e T L A AN VL NE:
S d P |
L R L - . 4 .. 3 , 3
il "q_. ") I: ‘:;;\L:""““‘ " . l.‘l:'.l'.l.'l:l- '|-|:-|-"| [ -l‘l‘l.'h:‘l }';'i-' v ::.ﬂlllql‘l‘l.l:l. LR :: .
e 2R L] I.-{h Py h
T L L] |‘.r bl i ' irllll = hbhhbWwl " hr-i'lh ':‘"}1-. n-..-il.l-il.l-'hh'r"- hrlll.r - -ll.rl
e L] 'a-:l!..:‘-‘-.}: e "p'l:.ll-:! -!"-‘.L‘I- :'l.: - ':.l-‘-.lu'-r:lu'i:h‘ 4 'a‘l.‘aI‘h.l . 2 L. :1 :h;l‘ = et a'-p-:‘r-l: 'n.'dl'..‘h- i -:!- " - '-:l-'h-"-" e p.“i;'-‘h:\“ R "y o :Iq-'h‘-
- LLICICICIC Y : . : o e amn - T T I T B T o -
FX - e I'II.'I' L. 1-:I- Ll .-.'.-l..:l-"h.::l b -: I:\::L:- . 1:‘“}:"‘-1.‘1.11:"1 ‘I-IITILI'I “w |-111-|-'-:'u SRR :1:1-" .o 1:-_r UL IO 1|L+-1|L14 P
LI EEE FEE N AR T !Llli'l'"'l:'!:'l-" LTI Py ‘“:‘-:_h\"i\“.‘b“:" L L L N e T AL "’-i.llhl'\'l'\"""-l- 15y
B k. N L e e T e O o T A B R e Rt e L J|l-'."‘.,.".,.Iq L R T o R T e O Tt T T T T N P L
[N . UM E AT R AR AR MERFEEFT oL AmyLEEwT v -u i T WA Rk RM W EY LM mTEEE oo A LN wm LY
\ B = NCE T N a4 U Ra A M . . ~ PRI Tl N L T [iaPar " » L
mmle ml e e 4w au-..-.a--l-:h.ru..a..---. i s u’'n monm m 'l n % d e am et ) m e e e im i ame wn et . s k'
. o bt 1!.1*'\-_'1"1}1‘. rl_!‘h-_lh'\l:ll:\i""" L 1‘1'..!:"."1":‘ 1 N “I':‘J L ii"'\l.i ":‘\t".""' l!h‘-:r'"\"l"‘lk R L AL LI R b i ':‘: llI.
e . -k ke e e - P, - - - - ' - N e e g mmma ma e L= wm -
R - N . TR T R AR A T L T e R Y R e S L T kA N AR T I-:"'-“
L R L L e L T T e T e T b WL TLAL L I P P mom
LAME I FTL LAARRITAL e L] AR R - ranL LN -
= O PR e e e mah A, v amh ol 7] [
AR U TG T R TN N L T R TR R T L L Bl el NS I e o
e e e e e e m A e e m — e m « NP r
. ipEpRPARTH LI E LY LERR LR L]
PR L L T R e T A B e L L T Tl BT L R B R i _,‘-l"‘:. 1
LELEFT Y, LLEEImTH L IR LRI R Y EEN FEWE LY . Y -
T K S TP bl = Tty ™y T,
IR L T T B T e A O T e B e T My T e i e .
EA R TR T A T JCR A Tl R N T N --\b.,l'i
= T A X N L e Ampr p W e owL ] wl gy
EE AR L A AN B e R I T b el R W Y ey
Ahd T ry bmEk s m ey vyl Mk wa w .-‘“ Ly
L N ET R LN T N LA I | | 1‘_‘! SRR
e e S S Y- R R
LR KL L RN L LI R A KL, - UL
= L] OE NS RN ihishmmn ARIebiEk = EF FEr v .
" - [ nm
- e mmaom ok e . I - Tagl e = SN
"™ e e M P I e it N Vala e
LI L LR L R R L I L - [ = w ) AN ] - LI
L i h ) R Y A PP A R o, N LI
L I LB d--||"'|| LI _-.-'_-.l‘{| ||'|:| RN ENENE RN N T : " 'rl-"-.l L |:|I 1 8
L) AR E wr s ok AR EW R PR LA L] - 1wl Omonn [ « BRI
S "-.""-..-u'«u"'l'-"l"'.-'nil.tl. T L P T oy 1 L ., RN " N =
L A T R R L = b &4 . N L v a0 . A ke
R U K T e T B e - T I LI DN - s T
A T Tl u e T e e i R T T i Tl e n:l- - L el PN, -
nromwon Py A E T raipamE oy mm o Ty TN T nev e
1 .I"l\.".....-. e m % C e a mamk MR ...-.'.i'l\-l"l'\.'l.k"- e Y P --: e h
PR S LW T e S e L T Sl = b b '
U R e T L e Tu " ey
e e m e w ot mal s o mmmawma am' N e o
Pl u L R R S A S TR AR . & Tl £ - ik e R
B i~ I e R S N - RN -, R et
I T T A P T T e T I T T T o T T I I L, "R A T T B S e
.,‘.:'-1..',. CERREEE A B I S I L T O A LRI S L RO Lo L e gl
L -I.-h-l-i.l'i-i-‘r-|-.lllil1li-|-_-nh.-ill_r-il."l dE LA L 4 mL e b l-.'lulr"'l"-I
T i &R R L b T T BN I A L B L S L T R L2 L M
LR e T T T T T T Tl B R L S B S L L L T 1 -I‘I:-l-'l-'l iy
T e wan AW ET WL R AUEEWE R ) + " awa 1 T - LI Y oy -
R R R T T T S i L T T T e A e O T T T PR B S, T 1 T Pl LA “u'n .| ] T
- T A A R R T L L. - - v L T I I R I R ] Com - ‘q‘:n"-l,.
'I-'.-Ilrl'l I.Fl‘ 11-h1-|.-l-ll.'hll Tu n-h-rlr-l'l.'-i.'-l'l-' -|-|.l.lll.l:' -Ihl-l.lll £ ‘l *. llll"“"' T ] 'I‘rl- N ‘r‘
PR B L e L R i i i N i Pl IR Tl P I = f Tt - “nT o a e g™
LR O e NI YE T S
a1 = 4 LA ET R T T e e T Ty Ii [ I T R . T T B ol !"I'-il"'- Tar Fill
L LM AT r  amn R ErEr s Tr L M w e n Ll TR R . o, - D AR
LR ENRN 1|lr\“"r‘1 AR A RTY maa R AR i WL ks R s LTy R LA - fabriy
L a.."hh"u‘\..".'a'.',-hhl\-'l.‘l.-"‘l...-."'.'a'-.'-:y.‘l-l,.""l. coat eyt et "y P aw I R B BT B I N 'l SR PR .,.
(AR B AN I SRR Y ' T I I A WM TE Y W MR i L ER R WA R Y N R Y N R A T e Y | A
I hom Ak kA F e ok b B RN ke bR EAE N d b oqowh s kAR oA - A EE ] A LA ke el L ke R R AEnwLhiEe [ L
et TR T Ty g w1 T T g mrTma T Ty Ty g g trtaTat om A e, . L ke 1111‘1"1"_-"""-11-"1 :q.-l'rr1'| pw Tt REE R e,y
Lok by T T L R T e e o e e L B T L P o e ‘\. *."h ) . LAkt v d A RS 'n.'.'l."l".",‘ L R L LR . R L
AN ERE TR R L R ) r O HE®R RAEY TS EELREE LN K} ] . . DR N NI R vawrn mnh PN R LRI, LR
PRI L o A S R A Il R R S s Sl I A T TP S i ) N e . \“ '-.,'..,'. L L T AT BN N IR 0 ) B MR - ICRE DR
o, M My M E S TR L L T ME AT R wmoyW | WM oWom v iy nmroam ] n 4 BA Y »md s fm g d dmds v amkmbdbma r oy mam s wr v ouom iy ko w o
ruean lll‘l-rll.'lll-l"lll-l--- l.-l.ll.-lr-l"ll“-l-l'-|1i--l+l1l.~'l'-ll A LAEE "lhl'll"'ni'l."'\.l e T . "o 4La" Nt nlll.‘b"l“'-u Ta |-lrlli'|l.l"\l'l- T, LI
RN AN LW L P L L LA e L L R L A ‘i‘ \Eq‘::. ‘~\“.‘ l_‘ L D R T e T T e T O D e . B B - 1
hdd ¢ v L) thd L) LI [ L L B | L L L O L] L LE® T A% g g LT A w bk hd KB 4+ L LAE LR 4 Lk R
l|.-|-|-+l-"'h 1:"'!-'.!"}- ' |-i":-"1l-|-l':::.'|-“d +'-|-"l-"l|l"llll'l|"l|'.':'-|¢1- dq:'l-"l|"'l-.'rll'li"‘ll-ll"ll 1'|-‘l"llll':. B I‘I..:. am. :.'I‘.'I M~ - Pty ;l-l-l-" B R A -|-I'-|--| ™ -ﬁ-
S L T T L L AL T L S T B T T L LA wh L,L13 R, '\':".'.*h ."i. o, I T L T T T B e e T e I T B T e ECLEIC R
e mron L MMMk mm A mE i Myl e s Lk am ""q'.h. \-"ql = o Rkd b i dl, - ambkmbkdd- 2 armahdda o rr o mbEhe kw -k m
:‘1-._1‘ 2w~ . e aT g m W A N A T T Tl LI i St e § r 'hc e T 1 B T e A L T e | a ow T T HL
T e R T o B LI T O L T e B i T T TP B L T . “h Y et s a e L T T T e e T L L I ' e m F,
L‘Illn.l-\‘ e LAl s k- g AL R RS ."n.h.i‘.l‘.‘.’i L " LI R ‘J‘.‘.\.- *'l_- i“l"“ LA®E 1 k- 4 AILF TR 4 r LEARLINEY T 4+ L4iAN1] 4R LLL NS
[R L L a7 oo S mmoaa T T T L I . - ::. qi"-“.q-q.- ‘.‘k EIRY Poemomam r Bl Lo mmk R o kol ko a7 .
r [ ] A LU R ML N i Ty h 1,00 - I " ML BT B N R T B N N g NT N [ T
"% L EEE AT IR L L3 Hm ¥
- "..'I."n."; I"':"‘:.""""'".. _1‘-"."1 - "'"'.."'"..':':."ul"'n" L A D SRR -....-..lr; e ‘\":‘ : " R e - NN -l-|..-l|.+|.ri"hnllul-ll.- . ‘_-:‘.‘" "t -k b
ey m pmym . T - . " T [ R R PR Py e mw > =t a"a L T n s . [ T T E
e e T PR YL LR " :'.'. AR y R e
.r My . N AT or T omwmoey WAy o oo MEL % WA NN omE P M - mTmmE o r T my Ry rE o Ew N MW MmN MEEor om oW Eom oy W omm oy omu oy w oy
al'b.'-ra*:.:q:'. - a‘-.'.'-.'-."l-‘:q' L :I"l-'\. A . -*-‘:“l. |."".'| - -'-‘-‘:‘.. - \1‘.:....' e "::2}}:“1,‘ :‘"1.‘\"' e w awe s wh 1".": e T T LT ak :.L" '1."' T LS. l'-l.':‘a ::"-" 2
R e e e P T T T et o R T T A A e I T B k. T IR L T ey et T WL P - A A R e L A O o o B L T et T B T R B T P
N o L N R N S LI T L B A A e A T BT et ':‘r'i"‘h‘hh%“*l L O YRR TR A T AL LS -
T AEEAE L4k LW ET W 0w TR S !!1.1-1-"!-\1-'- . N XY L = L 'l'!-\l.l-"l-" e l!thl‘hl:ll-:‘i Wy lI--!iwth'l-?"'l"‘"‘ R LI T T J
LRI . X

"lqdd

L .
ol ) rbed T TEE LN [ e e R e T e ) _ LT RE

" PRIOR - ART

;-f
i

R T s T N e T T ' ) - b

e
L} L] r
. F I
4 . *
e e, e ’
-
s . i L A o, T, - L, . r

..F - .;‘,-"}l:ha.t"":*,*-"'#:_ﬂ*‘?i_.*"‘“ _.-" . __."'l .*'...‘ S
nbariayer
N

~
.
-u-"‘

e Iteriayer
; wate oxide

s

",
"
-"-*..
-

i
A "'_;'f
'r*-
[}
""1-
"'-.
1
-i.

.
\
“.Hr
-
<
=

L

._J- “n T .
= " "-.'- -.‘|I l."‘:l o ‘-t .-“JL * . -l- ) - .:‘ y 4-’ ll‘- L r < ""

< : . ‘ o "y K u* )
. u . el . 'y ", o 4 “y
o e e oy '-2.#-" P #4.-‘ ’ o \‘-' 1-.".. . U L T A -.." AT A e t_..-.‘ - h‘u-' R o *
W Y M - ~ e - » ) = . . - ~ T i ] n ol ol . N -~ A
- " - * ) - - n . x ~ » o - B} u = - » R
ﬁ_“. f'* ﬂ.‘ -.' -I.'"‘ 1""‘ .h "'— ‘Il-' - ¥ "r- f. “L.' o - 4 - -y %.. - L] t‘."" ‘i‘ﬁ *..‘ N * #l o . .‘hl- h* "H“ _1'-. "' ‘l._"' *.,,:l. .,"I. FJ -*'- L
e val : - o 'q“ -.."- I.:. vt - - 5 ) " - r - - - o »" '|-“ - 4 - o 1-..."" . - - ey o 1'..’ ll-"'a - =
R N N _..”1‘ o - A - X L N . . E_J' _."" o LR L) 4 -
o {-" 'l -~ n % o - o o - ‘ * . . o n 5 - ry iy [ W W = Mol e ¥ N ¥ i~ 4" K o -
- .‘1 .:..! I.,‘# . - bl 1,.I.- ‘1:' ‘1'_1- 1?_-' .:‘_1 ‘,._'h "l F 'n]. f‘ l.ﬁ-’ f 4 '.I..'l.h '.._'I. o -j in- .H-“ -h r 1:‘_1 ... = 'p L "‘.' ::._"l u f" ‘i" _.'I"l ‘Fl :._'l ‘_.i y
- ol v 3 - [ - i ¥ .'p- £ -1 - ™ .“q - o~ o - R > . ; ol g b o & oL g
o L y . £ A iy =t =* ' r " ...l" x - " . - -+ u L L] ) - - - 1.. .
1- ""‘ “..' Wt ';.,1_‘ fﬂ‘ & -.l' ) ;_4- e ‘_ﬁ-t 1::‘ \‘.‘{l o ‘? -|'l '-‘..1 o r.I|l"" o ._..L"t 1_*,.\ 1._..,«’* - ‘.'F -‘-I{ 1!.4= . ql",‘ -",' - -F‘ ‘,‘""u-‘ ';‘1. . o .F. ; l'.‘-\_"" ‘t‘_‘ q:" .'J
' . ) . ") - I - b3 - - ¥
: g - . & n ‘.‘_l. h‘-‘ - ;;.l .i.*‘ IE.._“1' 1.'- l‘.."'l. o q.,'.-- . o ;F“.‘ . I|I|I'.1‘1- d ..“ ; & . : .“"1. c-_.- - .u" i -’.., ...‘:'l h‘.'_'i. 'h-" 'h‘- . '..J‘ ; ‘.’h lﬂ‘\. . "“f ‘,f‘ - ....“ -t “q“" 5
- - L% L% . ]
i 1-"" lf"..; -~ 'Ll:t 'I.-. ~ - 4 ~ A . "-". "‘:' a Y 3 -F"‘ | ? ‘r“ g - - "lll W '|-"q i + ‘ﬁ'f ] A - ™ ¥ d - -}‘ -.'.' o Lyl 'f o 'll‘ "q‘"
) . I.Jt"‘ i wt o " f " . I o & . ‘_ir' o o ’-‘_nl' Iy at . o o - ol o > '-..J‘ o s o s -_.i* v o "
-, e ] Ca ” Pl nt ¥ : J * Y ',"Al X ] y ! L . " r .
- A "'ul-" ' I'l.l h‘h h"’ . ' v'... . A . « o -L"EJL .."l-":.I W " ol Pl 4B ot " * ol \i‘ ."-" * ¥ r"". l..‘h' -l.;h ..."-1' L r"' w * - -"’-' a" B - .

SO PRIOR - ART



U.S. Patent Nov. 13, 2012 Sheet 4 of 8 US 8,310,413 B2

h."::':. .\1-‘ '.-'I L] ..'i:‘ ‘l- . ..."h-' ¥,
o S A
- - il I_|'I:._.|.. ot .,.:4._‘\ .i:;"'n-

h
]
" >

| =, +
L]
"o u:"..:?‘ ) ““l

ey Y
N
SRR R A AN
o o o N A v ¥ "

" _..i- . ".1 . *.'n ‘..! ‘-'n o 1:.1" *:t,.-. *1': “*.

¥ " - " = 1, '
=" 'l:'“ 'lul"'“ l."‘:.' l."’." l...:' ) -.r"* v {'; B Renen
h -t - . ) -_"In. a® n '_;t - -|F
‘.‘ﬁ I'. *‘* f -..- -i-'l u" .u-.* ..'Iq )
oA LA T s
& g I R *‘: . " i~ o -.“"h '.:"'l- P,
‘_ml:'..l H-:"b l‘.,._; \..,h"q‘ iy _"-.. ‘.:'- R A . o ':.t

' L] h | 1 1+ ¥ FuuN T..: .'.*
W R e N S S e E:}:;‘
. ]

Tixm]

e Interiayer A .
SNERERERAOR IS R I NI S oV
Gate oaie *

*
]
1]
1]
1
1
lllllllllllllllll ‘ - omeo. I.‘. LY . - t ‘ - M - . - Y v’ [} FONN S S I ) - K 1“ [ ‘.. 4 *
4 | L £ L] L] L] = ' r
a :t‘ ‘:.q" "*. . t"‘ !."‘“ ) "_. 4‘* - r ’I.‘ > -"th l'; .-’- l“'- .
" = * ¥ - - vl . ‘,"' o % - N - - "
F'* . ¥ -1.-"I q“‘.‘ |"i W i-" W > r..'l"l. L q:'l' b "h\‘h q""‘ -" N ‘l.‘.‘ k-
- A ™ - - et oy . ,_r' x . ¥ .‘.,l‘ r.l A "
I.“ u -.1"‘ '!'\“ - £ " - ’? . 1'Ilt I- I‘l ‘.‘ i ..H|III L l" -j.- LY
'l'- _."f 1.';. "‘h A . f i..! a* , :-... f‘ '.l- I-. “_" -"I “._"'I-. u*-lr "; - »
by, LY i =
N T T . A .",-" cow T -
' [ L |
A B " a"'" {,J' : A W -~ J.f‘ .#"‘l T " . -
a - - - el ] [ = -
" "'.{h‘ ""- o7 ’ - -‘t". -.'1-"I ""'F —.. -"' 1.;"-' -'-{- o “’ l'.l " * qhh.{. - "". r l.l-"l-‘t. "
- _..'l .i " 'I" .! LY L 1‘1 -I [ ] "I- =
- ‘..-. "\-'l . 1L1L.,,'l. o . .f - . o - ':‘-.. 'J." IlI.I-"‘ -_.‘ -‘_.-"' o l‘_‘»-% : ]
= o F.J ~ o wt -"'"' r'} - o N ' 3 n < R
[ - ¥ - N . - o M M x )
" - ) ] " L) I N " at ] - K u“*
- n " . ] ] - " A ¥ - .
N A ™ A -y P Iy .," - "t - 1'! - =
‘t‘. --."".l 1"" u."‘ -I? -!’F -:'.“ 1."‘ " ‘#“ -l" ,ni - l"'*- I."" .l"ll-q. ‘-“ 'f -"‘ .
.3 ‘i' * L] "I-‘ .ilql -.‘ ._" I‘_‘ LS 'H' ] " 1 . iy "ol '.f .
! N w iy . 5, ‘m -~ - o N -
ol »* o e ¥ - " o e & o -~ FL - - " ey -
T - l' ‘H ;‘_"'l * 'l-‘.l ..p " - g - “.I .‘1! ‘ll w, ;;'ll .'} "
-:H -l. L q:l 3 [y a,"i- 1 L] .’, - .:l5 ;.:‘ o n
ot o - ol il o K o - - hf L] “-' ' 'IF Ly ) L a ]
'I.J"I '..,.'H .-' . ’."1 .."nll' _._'h lp’ ,‘..’.:t "ﬂ 1-‘;1 ..‘h - - ..‘l- o "l..l' -n..‘. ‘f .
- = - * - - r I, &
-. ' » - . ) . .""" > o8 0 ~
Ll ."‘I.. --I '...l. ..,'.*I .l'\ . f.‘ .‘—!* . Y e - ar _-i- - '-‘. .." "\.“' “l‘ :
........... SREEY LLREE", I y e NN o I Py P i i e B y

""" IG. 7 PRIOR-ART

L L Bk T 8 " B _F_ & 4 % -

* S e

L - Sl

" )

A Pl

ﬁ‘ .".t ol ol » -~ nt

\-.'.l - 'ﬂ.‘ .p". "-‘l - '.?' 'l-" "l." '.-"' l-.'.:;. l."‘
R A

R L o *. ik
o Interiaysr B
-~ C o ? . A

L

. ] | J & | -

ol b ok L Wl A

e
CATanAYRr A

i "wy + Loa .

SRR

. ol ! ‘n - * 4 u v r o *
. u" ‘,F * 4 4 n %
o & . o - o~ o~ " o . ~ o & A
h u - 't ] - - ) -
o & S R P A N : Ranl i . o
‘*\ - -ir .{" -..' .I.‘ .-'l# f . ‘|. "' ;' b ." *ﬁ .. “'ﬂ 1"\. 11’“ ! -."I.
"" ‘m N " 1;'- "'l ."‘. at - n s -‘."1 -._"1 .""f ;l - -.
" o iy "l.. e . .|_“~" o o ¥ o o~ - - o _." _f‘ "‘.! = ¥ o e
- o~ -~ o o ot o W v - ".' Ty S . o o - * .
| r i) h| W ‘.!'. F ._"h "t‘ 4 - . . o n F o ; * tl-' . K h:'l* ‘#lé. ]
. 'l"- -'f i - 1"-" w ia‘l. £ - o ."" i .._’l:"" ol [ * i a o .F’. t‘" ¥
& R S o« ,f o~ oS & - - S Sl
"‘"" E .l-f L 't‘t -'l-' -~ ‘IIF "'- . . ‘:;. -l'--‘..l ) " ._"'- o N i.."‘ * .}r'} q_“ 1_‘\."'
n - , -,,'l u =~ - - 3" ol o . 'y . e
-':‘ 'l-“ .“ - [ﬁ "l-'.'. 'll'... - ‘-l‘h 1_‘ "’ o o 'l."'. l-." "..“ .". . 'll'.‘ 'l“ r’n .ﬂ!
SN R A / - S ’ S S
- X - N S L | s A A SO ..-"L‘"t
L T A R ~ A r
o o » . ! W o vt -~ st e Ry »
: R N I P . T
".'\- .".:.- .,,.l' L - -._".hl 'I.'" “‘:.‘ L] -l-i - ) .'l q:l‘.* f r '-h"l- "q. - '|.
l ,‘I-. ' W N v ) - = h"‘.. - - " .".a _l’-' - 3 - ol - ol 1}‘ &
- e ' - ™ o~ » o o - A K - ..l -~ -
" . . - " K : o ol «! . x . a” - ) -
-" i“‘ . I:':' ‘.-‘ ‘I.H '1‘* .' i.*. “ .-;CI' “‘ - l”” \\' 1'.‘ ] ].* ] 'q" |
-~ - " _.F‘ o ] T = - . > » - - -
¥ - & -* - - e e . - H"‘ r wt n P % -
* .#f - """ wr o o ] * e - & 1-."" .F'? .(’ - o -.""
- -f .-..| 'ln..' q.-‘ t..‘ :.." ” - 'I-"~ b "n‘.l '\l-. * *. *‘_ll- . - - - . ) +
. . . . ol ol r = r o o W - * o o R g AU v

s PRIOR - ART




U.S. Patent Nov. 13, 2012 Sheet 5 of 8 US 8,310,413 B2

-...4 80a

S

\\\\u\ M\\\\\\\\\\\m\m

7// \
..».. \‘.»
ﬂllll’llllllll SIS SIS ISl seS Sy

//‘ Nk mtkeiechive ietahanode

N
[\ 6” // Interlayer B

\\ ., &\\ Interlayer A ] «— 68

70 70 Gate oxide |, 64

FIG. 9

93

7.4

\\}%/// ,/f//z'//////// ..

<
IR T R

SR \“\.\'\\\.\.\\\\\\\\.\\\.\\.\\\'\\‘L\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

’//////AV/////////

T Rt

FIG. 10



U.S. Patent Nov. 13, 2012 Sheet 6 of 8 US 8,310,413 B2

/4

_________________________________________________________________________ ~\\\\\\

/ ""’”’/7}}}”,{/. "fZ

----------------------------------------------------

-----------------------------------------------------
llllllllllllllllllllllllllllllllllllllllllllllllllll

-----------------------------------------------------
----------------------------------------------------

_____________________________________________________

---------------------------------------------------
-------------------------------------------------
--------------------------------------------------
................................................
-------------------------------------------------
.................................................
----------------------------------------------------
-----------------------------------------------------

....................................................

-----------------------------------------------------

----------------------------------------------------
|||||||||||||||||||||||||||||||||||||||||||||||||||||
--------------------------------------------------

1~ // 2\ ‘- 62

“,‘ N T W W T T N N W N W O Y N . e o, o T T Y " " W " " " . e " T, e L . . " T " "W " " O O Ve e, P .

FIG. 11

102

74 \\\\ \\ /’;* ’ g ..ﬁ;\\
\\\\ \/// .;:I/ﬂ'if/ / {47 ////

'W,J 7/// 7 /// ::-~:::::::‘~:5r5:i: :5:3:5:5:-:z:;~z:;:;:*.;:;:-:-:;:;:;:5:55:5:-.5:55:5:5:az:;:;:e:5:5::

82777

\
SHl_ \ Gl

& x\*h‘ﬁ\\\\\\\\\\ \\\\ .ﬂ&\\\\ i\\\\\\\ -'.:Z:Z:J:Z:.‘;I;Zji:1:3:1:3:3}':1:3:3:3:1:3?:3:3:3:3:3:5:3:3:3:3:3:5:3:::::51::3:::::::5.'::::::1212::::::521:35::2f
:*:“*‘ ‘ .............. . . ......................................

BT TIPS,
.i*i?i*i* \J ‘ * . *

07007007

FIG. 12



U.S. Patent Nov. 13, 2012 Sheet 7 of 8 US 8,310,413 B2

r
B = wm * m = 2 & @ * 2 # 4 ®m % % v & od §k 4 & ¥ & 4 F E ¥ & °® = x n v wr + & FJ - ¥ ®E m E & & & § § B F * % & * & # §# § F¢F & = n ®m +# v ¢ ¥ * wv & = & ¢ % & * 4
* & & & 4 k 4 4 & §F & 4 B A B FE E N J F B FE B - v 7 = & F & B 4 " ®FoR PR o wosoEFTwEE Y E S LI T T B N IR B R R N I N R B N B B
E & m = § B & § % ¥ o F & = 0 *r m w % =% &% = & = " m = = = = = = & & " B m & B &% & ¥ K K &% F & & w - F B & EH B # 4 & % 4+ w = =mw = & =
L IO T T TR B SN B RN N R | kR i *f E % 5N =08 & & L LN I N B 2§ R R E N L E LB ikl [ B B B BT R B B BN
'EEEX N ENESR R LI N A m B B B L e Rl NN A TR N R RN N
R A s F R KA N - BE R -+ e B L a2 m a4 LR L &k EEE R = ® k4 ama 4o
+* & H § § F & 4 [ 4 & + = & & = A F= LR K] * & o § B B & & [N LB | =¥ E N = § ®* E ¥ mE = =
LN LI LR LI
F & & & + moF = o F 4 & & " mw E Fn + 4 & B B B N
LI N L B [ 3
& & & & & # w & & &= [ ] [ A E N = & & = = 4
[
hk 4+ ¢ " m Ft L] ir AL L L LN L bk k &0
4 1% [ 3 LI LR |
* * = = . L] = ru mmk g Bk s AR FRd BEEE RN = N o 4
- " m am rtramER FI s PR FYRYE R 4
k. » o = . [ [ - "I LERLE EE R YRS ER TR TN | - b
— - mus s swvimuw kiR A LR R R AEEEN I LI ELE YR NITEN] "+ in [ REENEE NI L EE R FENEN RENNEN TN N - "
[ RN A ENES LERLNENE N W RN Sy Ry am - - EE EEEEE EN&EISEd I N4 BEEFF NS .
h 4+ W = - . [ B BN NN REE TR NI REN NN ER NEZE ] . n & =
e IEREEE R RN AR REL DRL S AN Y] N
= moE il ' T FETREEREEREE S RNE ERE L ENENRLNE | LI B " " &
r 1 a L] B ERERTEE RN RN BN ERBE R EEN_E R BN L ] T
L N | T EE Y F NSRRI EEIESLA AR RAE AR A0 0 LN ]
* & & L} LR R K N L ] . 4
.k EEEEEFA NN EETEEE EEETYEEETFAYR R A r+smrd dd kst B & =
| S - IR AR R IR R NN FRNIENERINE NLEN] Rk FEEFTWTY BN N A A Y AN - IR AEEENEE FEFEYTN FF P FE Y P R L
a w = - n R R A Y TR RN s rrrprd FhaF EFFAA Ry i bhdi s gy - T YRR ok Bl BEE Aok EFd Fhd ke h - - oa
AT RN Y TN TR AR FER NS LA R LB L] I FEN ER L NEN e IR RX | L AN IR INNENYERN]
E 20w " Sasrss v mErdads FoaAdLREdS bk pd R F RN AR by R AR RS A+ +FF+ FYTE FE-SFE FFE AN FFE T EREEEE -I " n
- F FERFFAREESFFF T PR TTF A m e koo L e L E R R E R R NN . - x4
kB rrawnimrn bhEEF RIS IR EAEFETFYRTT Ay PENENERE - ru L EIREANIE R AR RENERLE N L
(B E NN IR NRL SR RERENNRN L EEtff FpEFEEEIFIEEES N LI L P
SE+-AEIEIIENE*EEEFEENTFEEYT F LR A S RN LR EER AR NENNEN FEEENEYFY J] L ] R R R IR EE RS L TERLAEEREERRR TR E L K
B e d el ok oh L LN AN EEFE NN AEEEEE W] ol & b &
b LR ] “ s n
I AR ERIENEL N EE ENEENELNENELEHN] " o
sreswasr v dishd s EFEAREJFERNNIEE am I ENRERNINEESNENEE LN ESEENENENNEN J | - s 4
[ ] +nmanasrnyr-Fdhd bk . ' EEEL ELEEREEREERER R IR RT R TN ER BT -
FivegrsrEn I I RPNt WERTI nTY . (EAREANES RIS EANIANEREERRENE] ] 11
IR E RN DR N B BN RN R EESANERNE LY RN W) I FET EIERIEIENIEBSENIEIE NN ELEXN)
S EA LA I EEAN AN AN b R E R XN IS ENESERENREE R NN E NI E LR L L
ku +* & F
EFd FNAd FENSFEwWaEE gk L RN AR LN TN EY T [ -
TN TN YN FENYY NN [ERE N ELEBLNELERENERENEFENENY XYM [ ] - &
TYF R TR FERERNEN RN FERE LN R RN LERLE LERNINEESFNENNNEE 3 s
= LB A R R ERERE T EENE RN ENEN] ] . n =
FLIGEE RIS &S apypy rEFETETEINETR
k4 | I
- LE AR R ER BREJLENES NN RENER RRENENI s
- » I BT S EANIENERE R BN INEIFATENRR Y ¥ ] .".' BEEERIEEE LI ETIERE RS ENEREE K] * = a
LA AR R R R RN [ R0 LR IR SRERNRRIRRIARERINRR!
- = = RSN AL EEAAREJIaEd B4 ki L L EEE N AN TEETESEE FFIFFESFTRFY ATRE LI
ko srnrmrbasbrb bR addba L a = &
did il ddsn g mansnnn L B ] mervdr dbbddd bbb bbb dbn
- = om I A F I R E AR RS RET T TE ERLE L) - I FETETIEIETE SRR RSERRRT TR AELE TN - = o
LB LR BERLELEERLENRLERER R R EREN NI *r L ENEE RN NERELERLBENLERZNEERJNNIEBES.}]
- = LR RN N EE NIERNEENENNNDYE ] W] sa+menmsrwikd bbb bl bk dh e g EaJL + 14
A B B - mrd h R + - = J
LR RE R NRR AR AR RRRREFRE R RN . TEvErewr e res bl b bk t+hhad
E = = I ER BERELENLIBENENNSNNEREWTHEJNEJE X} ] IR RERNEREIENSENEYNESNENNEEYNESE J] T 4w
awrrwed A Ed BEd dd kb g e v pmkd * ¥ LdhbAkd Al AN SN EE hh A hhmrmk
LI LT IR IR R R N Y TS YRR Y] - N TN R Y R T TR R RN NIRRT Y L
rmrran b hh g hhobd koA I LA F I N R AR LS FEE S LA E R ELE L) .-n FA S+ REFEEFE FEFY ITH S NI AN T RN FE EEN YT - m #
A +RdFrFETFSETYYIFEY AW E NN AN SES RN RdA s TN FEWFEFFRIFWR [ ] wedarm AR FEd BN N AN S N AN RN
& B B [ A B L BEREENEN.] *r IR ES B EE RS ENERENNE.] L o A&NLEE§4 = & 4
4 s mrn i i EFE NEAE AR A NN SAREEEAERE - T EABRESERT EXTE DR EESE B BN ENEIN RN NI —
- IR AR R R R LR LERLENE AR R EE RN L LEN] N AR ELN RN AREREERERLELRESREB. IR
a = & IR L BN RN AR R BT REERTEERRETY 3 - -+ &
L AR N RN, LR RN R am -
S dbdddd b sanmun dikd FESER ERP AR EY S bhhkdap | B I )
+FEFFARES I E AN NEITEND] I TEEZEEZELELE: L [ EENE TN K FEUEETEEEE EWE YT b 4
* s+ n L AR L RR NN 4kl &k bkd bR EEwEEETFEEEWE LI LB RN 8 Jd EEEFAENAE REEE
_——— T FETFINFET I FEXERLERE] EEEEEJd EEEnE N LN ] FAFREEEY b d b dbh b gk il . A
S EF-EETENR 4 n+muaxhh EEEREEEEEEEERE N ' EA N ENEN) LA R NE BN ERENELERE]
FIE I & BN LA ERES LE RN LR N R L AR X R IE NN R LN E N | LR B LA - s
T L IR E A rdEEFT PR AR R ERLNEEN N 'y
- = = *RFEERARES IFEFR R FEY Y LN (L R NN L L LEE R RRRITE LN -n - - ew
PR TIT IR et LRI Y nnvmrn bl ALy s rr AP i (PN TYNRY TN NETRERY Y = o
- & ETREER-FAEFAEW [ -n +A+rmEerusrrrhadde EEFETEETY
[ S [T P TR NN FERTL RN EEL ILENNREN | LI LA R BEN LI ELEREIE FEE ESNENR.J] L L N "=
*+
Fhr gt A PR AR I F RN F g EA RN iRkl dddidd bt drmnamnnrararnwn r
'll - = 4 B E S N4 EFEFEEEE EEEREESAEREEESER - u P ENENEES LR EREEENREEN RN BENNERNEDN] L
Py oa LE AR EERE B R LN REENRE LENEEENEE RN - LB RS R LR RN RS LN R R b B Y
T Y L XL L I A EY R EEFE T T ) 4 hF d AN T EFFTIFFFERY AATNANA L EARE -+ 4 WEFEFETFEEYYFESFERNRFRNITFEERETERTERbINY
& = n [ B TR XTI ET X FINEERLY! ELEESERER ERES NN E RN NENEDS RN . I IBRE R RSN RERY AREN RS NEN RER T RNY - a
Akdskdd i+ ddid A FERERTFEITY L W] FUATAaRmaALEAmAR fFRFT T A TRFEET
- = LN EE NN NN RN R NN NN RN ] T 4 LA T A R RELENENEDN}N] - [ ] LI
. & B ArtRdd ki NiEIEETEE RS LB LS BENRLENENREILENERERE SRR RENEN N - n Bd FE+E A FFEFE LA EN AN INE A ERERENS [
s+ snarimtdE ENANEEER IFEYE % Findrdd bR A dd b AN d bl &bk an
A = B a LI ] ] +« F &
# FEFFE FEF-AEEREEN &N TN+ FEd FEEARE st A Fd RA R AdRR]E dJdd I EE&R T * b 1kt FE A RS FERA RS A EFEFF AT F
" F = M hkah ok d ok B NN L d BN RN Edd g I AN BEN TN RESR NN NEN SN FN N NRNEN Y] e L AN RN NN EEEENNENNERNENRMENRHMEMNNEN’] L
- T I EFE L T R Y E FE N T A E TSN E TN | EIEEXIEFR FENE NN RN A TR NRSE NN + u d EEEFEEEEEEFE S FENYFETFEEY R EE Y .
I I EEENERE FEN RN ERENEL LR NENEN-]] L LN REN LN EBEN EENNENSN NERLENEYEN] LI d kAELE B R EANAL EAE pfhd T FEE
" T m [N I ST T S L BAEEEEEEERE R TR T NN | (EIENIERNELNFNEEN FENESNERNFERNRNEN ENN] E N | RN LR Y R ANE NN L ENENNNEEN ENE S LN 4
" am A FFFRTEFTH TEATSEEANEEFENE - .
r ** ramun "
= = = [ ] # & na [ A
a s u -
- = & 3 -an - m ] o
- = n Wk B R " .. " =
- 2w w & armrFrE SN RQ :'- - i oo od
& & A O & * + 1 LI I T | J

rr %ok R TR swnn

" w " F F ¥ B = m omohoshoh o EEEEE B kE & N & B B &~ B

P M % & IR N NN N wEEREkEE Y N EEREER

"= = == 4 m " E 2 ® # 3 =mn ® ¥ b & = @ = & F & & o & § ;& §F & % 4 §1 N

= & y & &5 & = o P

- = & & B B R F & § &
+ 4+ ¥ &+ ¥+ 4 F k r kb u 2 wF r uw = ¢ 4ok F o F

H I ¥ 5 &I " WP
[

&+ = =

 ofF & a L] - u & ] = & " &b B N B [ ] = F = 4 & F % ¥ B & o

- n - 9 [ [ [ s o5 4 h = & u L] + H + + n " = & ] ] ] ] - = - - =

# 4 ® - # ®m - E F HE HE B E E F ® E E ¥ ™ E E E YR mM F Wn & & B & m - &4 B @ @ = 4 %" E & # N &% HE F ¥ 3 ¢ %+ w b w v owp 4 b > bk &+ B

FFRNEFWEFNFETFFENEER
I AT T IR I L IR R E R RS T I R T R N
FEEE EEE EpdEFfjdarSErFIrFasaFraFriarratindi bbb
FEANF REE AN TE 0N hdd ki
L]

] L] -
riEinrar

TmTAwEN
Bl hhd
FirsiarT
*

L LR L LR L L E LR I L L LI R E R EL L) ]
LA RN RRIRSLE TRERIERE IR DL LA TN . LERN ]
EYYEINY IET SN NN EEEE NN I NN EEYNEAY A FEFY Y
L AL L LAl )

FETEFEERFEFFFFFFFETIN I AR RET A AEEAF AN AT A NANY D FAW bAd
ik kb Edp gy bbb h i I IR FIF FIAEELAE NN
P e e e L WL R TI IR ST EELE

130 130



U.S. Patent

rurwh
BE-LAIJ

kv drrmrur+udd
44N ERJLLJANES

Nov. 13, 2012

r % ¢ f = § = = & g & =5 * 1 b B 4 F = = + 4 4 » &% ¥ 4 @B F B N N B N N 4 H
4 4 2 W +# 8 +# 5% 4 8 pga B R 5 &7 H W EE N FIE N FPFEFY AR

» = & u = & ¥w» ¥ # w o+ & & & m ¢ u un r B 4 32 n prp =#r #nor B4 0 F b & & B

% & L L N E N & N = K & % k &
LI

* @ % = = *+ 1

PR s daRE
E AR AJJ IR ENFEY g
r nmdHd d L EE
EEmmEE +4+ R0
LI

] L | L J -

* & & & = & F ¥ 4 v w

L BN B B

Y 1 B +

=iy b
FEFREdT ¥
LA L LR N 1]
(Y EFTYEN |

- n e W
[ ] & .

= 1

iw L

T ik, |

=+ =n

I'quﬁ

[ ] .

EsuE-FEFIEE EEFEE

L ddd bbbt rnnwrrditirdi
T ¥ At iR r ANt FFTTIYIRPRNTE AR
T I TR LR LY remy

F+AdFE A4 E= +EwTa" [ XN

I FR T RREZS ERY N
[ ELERLEL LR LN
L E L LA L EY T
*daddErEdAFrA N

40
IR TR RL R RN EL LR LLR N,
wh B Ak AL A ERA I N EREE R [ E T LEAN]
ANEEN IS EINIANEFFEENN b d A d

twndrrraamradbrrut d

LR L AL N R RE L ] *RERED
AREd R A TARRTA LA EL R I B
FEFITYY FAFYamY 4% FEKTP
LIl LRI L] EEEwaa

L BRI I TEE R E N TR Y |
A rera vy rhpan ohhd taddaan
EEIRIEEFAEITRITLY LR NI R
d4%Jd IETEFEEFE EE EETFENETFEYT I +*# EFEEN
AATFFF T IR AN FFEFEFF Y FIFFINTFAWIETR EE N NS
IRANMERE SR AR B AR TE PR AR BT b s rmEn

Ak I EE AdFAdEE AN EEEESdEREFEN FERNEDP
ATRFEEEN IS AR AT TR RN AR RN E P AN A LA NN RN

FIIFFTPFIFTITF PR bbb s st adsnsnaAn Y
IETRTERFETFR SRR IR E X LN D LERERLERDY.] P EEREE]

nllltllil-'l‘.-l-‘l:' -I*l.-l-.-l I TR FRE N -.+-.-I-.— n L-l.= BAdk bbb - B m R+

SFEFF4d I EF FEIEETE L L L |
481 FEUdERE LLIE R LY LN N NN
...l.l.h.l-i.i-l.l.l. !-:-_'i--t'i-*‘i‘ resgTaw
EVYEEF¥YN A RN il gperdn LI A
(R RN L IR RN ] -4k hEF+d EHE R 444

I ERE LY ¥ LI LR R T L) PN
1TTFTITTEY T I Y TR E TR Y A ERdEmEa
e rErT sy  _TIITRON NN EELYTEE L]

d iS4+ 4dbIRL S FEAFFIFEEISNSEEEESENE R tEERYF
EE R ERFEREEFE R IR LR RN AR RS DR L LA L
[FE YT FF AR Y F R IR E PR ENE E Y BN ' EELEE
LA RL AL RERRR RREI IRRLLERE RN RENENE].) b s Ao
(R RN L IR REERNEINLENRINERLLIENLELENEENSE! 'ETY3 10

e rrrrry A ld ik Rk d I FIAdFEAAEE

AN ILIJE AN JRAILENLGJEIREN AR
I R REEINFERREY INERRIN LI EDRLN]

- LLE R E LN
' BLERLIRIETITY]
aEFFAFSFFFS+TNY FES
m ol Rl-dh bl bl k&
EtiktEIENFrE TR
FEF FEF FuI ¥uUF

I EIREIARELL RN

AdAEE EELE FAR F4d -l--l-l“l'
EE N AR FFSFEAFFFN A AFSFTY

= H -+

- m - = 4 F = h & & &% B § * W

B 4 % & B B 4 B A B BN F N B § KT F A4 K E TR T ELATFEYT OFL TR T

LI I LI IR IR
ENEANLEINRANAS N

Sheet 8 of 8

¥ EE &4 & FF R AN R EE G4 ErE oy o f mE kN R+ E RN NN ET TN YTECTOEF BREAORYOREP
LI B R D LN I BB L T R S I B T R

4 & B & 3 v = w8 F B &K b v omr o p 4 s s e moa o E A s m A E s E Ea

F 4 ¥+ =
4

4B EEEF Y " ¥ 8 & ¥ " W W E E N W OE 4N R W

I ENE ERNEEYL L ENENEN]
" FEN [ 3K B O
rem ddm
ERE

& r =+ 2 ®m B 4 8 & 4 W & ¥ yua
-t

T I " E E§ EHE N R & 4§
mw F m % d w0

rramramiid
FAIESF ARy AREFE RS

I EL LRI IEEN] L LY
INANE AR N R A AT A
FEEARL B A d NN SR iy

T L ]
"EE R
4+ & kB
[ )
FEEY 14
[N N
- EE R
E R EERE
184444
L N R N
[y KW
=R EEAR
vk e
LN N
B RN
mmdmn
1% =& k&
EFEWEER
IwEy IV
Aa1Trmn
A =% b
A EEEE
18 % &S
L NN N
I EE A
* B BE
ol e
&R KRE
LB NN
TEarrer
18 =d &3
- EFER
I EE AN
dArEP
o N
- Erma
[ I N I |
dFERE
[
- N FERE
Ewh rwem
-EaEa
A ARl
rFaiuwras
*E 4 2

-
LERTE R TR TR T RREE NN E LN LT T I

revdy iy s EneEFsiEb i hE
S DA N&d B EEE EEJ

1ir+rim1+4
-

i da+-d R EJdBd A RIS FEFSFEE BT
F+FAF FEF FFSFddA BEA FFEY FFSFIESFEE LS G Sk

it tdrtdr1t A AT R AT A EE A RO R

+d vuavawwn
S rwrr @

T RTRARER
mEsmurarsd

susmrrwhd
EEEE AW

I LR L RY L)

[ LRLERLERNI LI RANELYLLENRBERRLOSRRE R ¥

rhddd bRk INFdbidiimrnn
(LRI REEL RN ]| LENRL ININRTRE L] ke EERE ERY LAN N
T ELEBELEE] LN AT IR Y, IEEE TN

[ IRL SR LR ] LARILALINT IN] ]
L R LENY LN ki ryEssEEEN
EAEEEESJERE PR R T LR L I
ANEIEN ENET FFTfirtdiathpnm
EE ETEEEEEEN LENR L IR IEE THTE EN ]

TEFRU Y FEY1
wd - EEEAEd

Ll Be
FEgEREN
EEEwEN
EmEEIm
et m
IRl R EIN
LI L B |
dhwddm
'L Y]
th kb Ad
awd b
L
[
EmEEEm
an+add
rF IR NN
[N N
[ I ]
1 +1 &1
IRl R EIN
d +4 &4
L O

L LR LR L]

EEXNE ERE LRY ¥

Yy Fyus Fd A b =+d d&d AEFEES

TR E IS EFER IR IR LINNEENR ER NN F Y ]
LI AL L L L L R L L RN LA IR T Y
AN NI AN NI RAd I EARESE ENFdRbdpimpm
LIRS P R I I I R N R AR L R E I IS T L L
snrmsrandranseenrnl ipramrmr AN g R
ritrigtrirrr et tripr o mnnmgy e gkt
Pt b R IS AR RN IR EE LA iy

4T d84 FEARFEY

EERET TR DN X

A NI NS NN aE N AN SN RGN R g Fw A
ANLEE SN INSANE EASESE EREE LRSS bt hbumn
Bl NN I EEEEFEFN Ed FEY EN DN D 0
I L AL ENLERNE L LNL LELLIRNELERENERNENENNERT]
[N T R I Y R R R RN TE L T T ]
rardrrarirr4ireit R Tk EFreitriwramn

Wk R RN N

dfastrd e bad
MNTILII IR LLE]

[
LR N N W
'YEREZATEEN

*F E R 50 F =0 &

- - ¥ L [ ] = F = B

v w g % 4 ¢ & & 5 4 & & &

F ® & + -+ % #+ + H * 1 "= = = . n " =

s oA xR4T

i1 &% 0 ¢ gt 1 % F1 1 & N I r aua

ridrrrrrrIrddrdiariti1Irn ndd 1A r bt e EHYF
LY EST R N aE e

AN LELESE

150 154

ey s F FHE K ISR+ FEE FEE FEY 'i-l"ih' LR L |
]

b A A ALENLE EAJ A ENAANE AN FRLINEL LEL
LLLEELER S ENL LELENLELLEL N
[T FEEE RS ERLENIRELEL RNELRERESERLLY]]

T FEIERT AN AAIESY SR ERLANL S RN L L
ermrrwh bbb libi bl IRAANAANE LI JINLIELL
(L RELIN I NI RNINELELENLENLRRERNL LE]
TEYFTYINEEESFETYE S AR E RS ENTEERENE R

IR TR IR RS R IR AR AR AER NN 0)N,]

JETREASERETALIERIRE AR L EY R NERE N N LLN
ok add i *

ITYEAEETNEEEIET ORI A P L BN RN N EY N

E AN EEAFEAFEE AT FEENASELE

TR R EIR L LN
(AT AL RE]

R HrEL RN

AN EFSE" AN
L I BN BN |
-

LR 2 N L L LN LJ

L] - EHE EENE Iwd EEE ST BES

sarrsurrud bbb ik b
¥ -n T T

d - Fad
mrFEwN

T RTFEFET R EE S RY
EFEEEFEEFEE B RSN
TEN IS I FEIEN BN
Pl AR R Ef R
AEE FEAFFFAFEEF RSN
Fr1atrrrrreitFotyt
LY EETFRE RN I T
A41E:ENLEER RLEED
Al Pk bl AW i

I FFRER NI ETTINETE Y X

EETEYTETYT IEFIEY FREY AT RS
I FLJENL AR IR LLLONL LY
i*lﬁilill-||-4+lllil;=
LE L L RN E LRGN LR L L LEL.ELN]
EEFEEE TN IENYT ENTTEYFHEEP
FERANFT Ty phn mmkphd bl b
LE L E R EEIEREIREL L LENRYE LEN)

EF4dEs IS4 ¥FI I FISEE FT-1I90

Erddsrdrrishvrdud r-amn
Ahda I LEd AN ERAAERE NI N8

Hokd NS d NS &Nl d d & B &
EFEE NN FEI EETESEEER

g phdd A

L B N

* - L] - |

L &2 m & & P E 20

LI T I B R |

= f %

¥ .

[ ]

US 8,310,413 B2

T T
. " E N
b b ok 4 4
e
e ="
mr = %
-

"= = m
L X
[ I » T
-

| T 5
m |
L R + 4
[ I 3

L
I ]
mw L
-

T r -
LI |
L R | L N |
ity S
-
[ I | L I |
i - = .
[ |
- = u
LI

]

I -
[N B
- e r -
T
- fm = om
e - -
-w
pdllm 1§
-+ I
- -
- fu + @




US 8,310,413 B2

1

ELECTROLUMINESCENT DISPLAY
DEVICES

This 1nvention relates to electroluminescent display
devices, particularly active matrix display devices having an
array of pixels comprising light-emitting electroluminescent
display elements and thin film transistors. More particularly,
but not exclusively, the invention i1s concerned with an active
matrix electroluminescent display device whose pixels
include light sensing elements which are responsive to light
emitted by the display elements and used in the control of
energisation of the display elements.

Matrix display devices employing electroluminescent,
light-emitting, display elements are well known. The display
clements commonly comprise organic thin film electrolumi-
nescent elements, (OLEDs), including polymer materials
(PLEDs), or else light emitting diodes (LEDs). The term LED
used below 1s itended to cover all of these possibilities.
These materials typically comprise one or more layers of a
semiconducting conjugated polymer sandwiched between a
pair of electrodes, one of which 1s transparent and the other of
which 1s of a material suitable for injecting holes or electrons
into the polymer layer.

The display elements 1n such display devices are current
driven and a conventional, analogue, drive scheme involves
supplying a controllable current to the display element. Typi-
cally a current source transistor 1s provided as part of the pixel
configuration, with the gate voltage supplied to the current
source transistor determining the current through the elec-
troluminescent (EL) display element. A storage capacitor
holds the gate voltage after the addressing phase. An example
of such a pixel circuit 1s described 1n EP-A-0717446.

Each pixel thus comprises the EL display element and
associated driver circuitry. The driver circuitry has an address
transistor which 1s turned on by a row address pulse on a row
conductor. When the address transistor 1s turned on, a data
voltage on a column conductor can pass to the remainder of
the pixel. In particular, the address transistor supplies the
column conductor voltage to the current source, comprising
the drive transistor and the storage capacitor connected to the
gate of the drive transistor. The column, data, voltage 1s pro-
vided to the gate of the drive transistor and the gate 1s held at
this voltage by the storage capacitor even after the row
address pulse has ended. The drive transistor 1n this circuit 1s
implemented as a p-channel TFT, (Thin Film Transistor) so
that the storage capacitor holds the gate-source voltage fixed.
This results 1n a fixed source-drain current through the tran-
sistor, which therefore provides the desired current source
operation of the pixel. The brightness of the EL display ele-
ment 1s approximately proportional to the current flowing
through 1t.

In the above basic pixel circuit, differential ageing, or
degradation, of the LED material, leading to areduction in the
brightness level of a pixel for a given drive current, can give
rise to variations in 1mage quality across a display. A display
clement that has been used extensively will be much dimmer
than a display element that has been used rarely. Also, display
non-uniformity problems can arise due to the variability in the
characteristics of the drive transistors, particularly the thresh-
old voltage level.

Improved voltage-addressed pixel circuits which can com-
pensate for the ageing of the LED material and variation in
transistor characteristics have been proposed. Theseinclude a
light sensing element which 1s responsive to the light output
of the display element and acts to leak stored charge on the
storage capacitor in response to the light output so as to
control the integrated light output of the display element
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during the drive period which follows the initial addressing of
the pixel. Examples of this type of pixel configuration are

described 1n detail 1n WO 01/20591 and EP 1 096 466. In an

example embodiment, a photodiode 1n the pixel discharges
the gate voltage stored on the storage capacitor and the EL
display element ceases to emit when the gate voltage on the
drive transistor reaches the threshold voltage, at which time
the storage capacitor stops discharging. The rate at which
charge 1s leaked from the photodiode 1s a function of the

display element output, so that the photodiode serves as a
light-sensitive feedback device.

With this arrangement, the light output from a display
clement 1s independent of the EL display element efficiency
and ageing compensation 1s thereby provided. Such a tech-
nique has been shown to be eflective 1n achieving a high
quality display which sufiers less from non-umiformities over
a period of time. However, this method requires a high 1nstan-
taneous peak brightness level to achieve adequate average
brightness from a pixel 1n a frame time and this 1s not benefi-
cial to the operation of the display as the LED matenial 1s
likely to age more rapidly as a result.

In an alternative approach, the optical feedback system 1s
used to change the duty cycle with which the display element
1s operated. The display element 1s driven to a fixed bright-
ness, and the optical feedback 1s used to trigger a transistor
switch which turns off the drive transistor rapidly. This avoids
the need for high instantaneous brightness levels, but intro-
duces additional complexity to the pixel.

The use of optical feedback systems 1s considered as an
clifective way of overcoming differential ageing of the LED
display elements.

One problem with these compensation schemes 1s that they
are not easily implemented with a top-emitting structure. The
difficulty with top emission 1s that light cannot enter the
photo-sensor 1n the active matrix because the anode will cover
most of the pixel electronics and 1t will generally be highly
reflective and non-transmaitting.

Another problem relates to the efficiency and implemen-
tation of the optical feedback element. Two types of optical
sensor have been considered. One approach 1s that a low
temperature polysilicon (LTPS) TFT can be used as a light
sensitive element, gated with the ITO LED anode. Alterna-
tively, an extra transparent I'TO level can be added into the
technology to provide a gate for the photo TF'T instead of the
LED anode. A difficulty 1s that the conversion efficiency from
photons to electrons 1s very low 1n the green and red bands
(e.g. 2% and 1% respectively). Therefore, large devices that
{11l the aperture are required. These large devices also present
other difficulties such as large dark currents and high parasitic
capacitance.

A second approach 1s to integrate an amorphous silicon
PIN/NIP photodiode with the L'TPS process. This results 1n
highly etficient optical sensors, for example RGB elficiencies
of 80%, 70% and 40% respectively. This enables very small
NIP devices to be used 1n the pixel. However, this also means
that edge non-uniformities that occur when defining the
device will be important and will create differences across the
display. Also, a small device will only sample a small area of
t
t.

ne LED pixel aperture, and this may not be representative of
he whole aperture leading to poor corrections.

A turther difliculty with both approaches 1s that the photo-
sensitive devices conventionally sit under the aperture of the
LED and due to step coverage problems, the photo sensors
may induce non-uniformity in the pixel aperture, again lead-
ing to poor differential aging correction. The photodiode may
create a vertical step of around 0.2-1.5 um, and this 1s difficult
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to planarise. Thus, even for bottom emitting structures, the
location of the photodiode beneath the pixel layer can cause
problems.

According to the invention, there 1s provided an active
matrix display device comprising an array of display pixels,
cach pixel comprising:

a current-driven light emitting display element comprising,
an area of light emitting material sandwiched between elec-
trodes:

a light-dependent device for detecting the brightness of the
display element; and

a drive transistor circuit for driving a current through the
display element, wherein the drive transistor 1s controlled 1n
response to the light-dependent device output, wherein

the light-dependent device 1s located laterally of the area of
light emitting material.

By locating the light-dependent device to the side of the
light emitting layer, the device does not cause step coverage
problems in the light emitting material layer. Furthermore,
the position of the light-dependent device to the side of the
pixel aperture area enables the device to be integrated into the
pixel layout without affecting the pixel aperture. Further-
more, the light dependent device can extend alongside the full
length of the area of light emitting material so that 1t receives
light input from a large part of the display element area.

The light-dependent device preferably comprises a photo-
diode, for example having a PIN or NIP diode stack and top
and bottom contact terminals.

By receiving light laterally into such a structure, the effi-
ciency of the light-dependent device can be improved, as
losses through the top (or bottom) doped layers can be
avoided, with light penetrating directly into the intrinsic layer.

The top contact terminal of the diode preferably extends
over the top of the stack and down one side of the stack and
acts as a light shield to pixels on that side of the photodiode.
In this way, the diode configuration recerves light laterally
from one side, and provides shielding for light received lat-
erally from the other side.

The display element electrodes may comprise a top sub-
stantially transparent electrode and a bottom substantially
non-transparent, reflective electrode. This defines a top emit-
ting configuration. The invention enables in-pixel photosens-
ing to take place without requiring a reduction 1n pixel aper-
ture 1n such a device.

The bottom electrode can be used not only for the display
function, but also for reflecting light from the display element
to the light dependent device. For example, the bottom elec-
trode can reflect light emitted at an angle to the normal greater
than a first angle to the light dependent device. Light emitted
at an angle less than the first angle 1s then display light, and the
light at greater than the first angle 1s essentially lateral 1llu-
mination.

A further reflecting layer can be provided above the light
dependent device and for retlecting reflected light from the
reflecting bottom electrode to the light dependent device.
Thus, a double reflection 1s provided to direct light laterally
from the display element to the light-dependent device.

The device may further comprise a plurality of printing,
dams, and the light emitting material then comprises a print-
able material. In this case, the reflecting layer can be formed
at the base of the printing dams. The light sensitive devices are
then formed beneath the printing dams.

The printing dams may comprise an 1insulating body and a
conducting metal layer over the insulating body. The conduct-
ing metal layer can then provide a lower resistance shunt
connecting the top substantially transparent electrodes and 1t
can also define the reflecting layer.
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In another embodiment, the electrodes may comprise a top
substantially transparent electrode and a bottom substantially
transparent electrode, and the device further comprises an
additional reflective layer beneath the bottom electrode. This
provides a space between the display material layer and the
bottom retlective electrode, which enables more laterally
directed light to be captured by the light-dependent device. A
top retlecting layer may again be provided above the light
dependent device and for reflecting light from the bottom
reflective layer to the light dependent device. This top retlect-
ing layer can be formed at the level of the bottom electrode of
the light emitting display element.

The light-dependent device can extend alongside the area
of light emitting material and can extend along substantially
the tull length of one side of the area of light emitting mate-
rial. It may also extend around an upper and lower portion of
the area of light emitting material. This maximises the area of
the light dependent device exposed to lateral light from the
display element.

Examples of the mnvention will now be described 1n detail
with reference to the accompanying drawings, 1n which:

FIG. 11s a simplified schematic diagram of an embodiment
of active matrix EL display device;

FIG. 2 1llustrates a known form of pixel circuit;

FIG. 3 shows a first known optical feedback pixel design;

FIG. 4 shows a second known optical feedback pixel
design;

FIG. § shows schematically pixels of a display device of
the invention;

FIG. 6 shows a known structure of a bottom emitting dis-
play pixel;

FIG. 7 shows a known structure of a top emitting display
pixel;

FIG. 8 shows a known structure of a bottom emitting dis-
play pixel incorporating a light sensitive element;

FIG. 9 shows a first example of a top emitting display pixel
structure incorporating a light sensitive element 1n accor-
dance with the invention;

FIG. 10 shows a second example of a top emitting display
pixel structure incorporating a light sensitive element in
accordance with the invention;

FIG. 11 shows a third example of a top emitting display
pixel structure incorporating a light sensitive element in
accordance with the invention;

FIG. 12 shows a fourth example of a top emitting display
pixel structure incorporating a light sensitive element in
accordance with the invention;

FIG. 13 shows one way 1n which the mvention can be
applied to a triplet of display sub-pixels;

FI1G. 14 15 a cross section from FIG. 13;

FIG. 15 shows a second way in which the invention can be
applied to a triplet of display sub-pixels; and

FIG. 16 shows a fifth example of a top emitting display
pixel structure incorporating a light sensitive element in
accordance with the invention and using a photosensitive
transistor.

The same reference numbers are used throughout the Fig-
ures to denote the same or similar parts.

FIG. 1 shows a known active matrix electroluminescent
display device. The display device comprises a panel having
a row and column matrix array of regularly-spaced pixels,
denoted by the blocks 1 and comprising electroluminescent
display elements 2 together with associated switching means,
located at the intersections between crossing sets ol row
(selection) and column (data) address conductors 4 and 6.
Only a few pixels are shown in the Figure for simplicity. In
practice there may be several hundred rows and columns of
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pixels. The pixels 1 are addressed via the sets of row and
column address conductors by a peripheral drive circuit com-
prising a row, scanning, driver circuit 8 and a column, data,
driver circuit 9 connected to the ends of the respective sets of
conductors.

The electroluminescent display element 2 comprises an
organic light emitting diode, represented here as a diode
clement (LED) and comprising a pair of electrodes between
which one or more active layers of organic electrolumines-
cent material 1s sandwiched. The display elements of the
array are carried together with the associated active matrix
circuitry on one side of an insulating support. Either the
cathodes or the anodes of the display elements are formed of
transparent conductive material. The support 1s of transparent
material such as glass and the electrodes of the display ele-
ments 2 closest to the substrate may consist of a transparent
conductive material such as I'TO so that light generated by the
clectroluminescent layer 1s transmitted through these elec-
trodes and the support so as to be visible to a viewer at the
other side of the support.

FI1G. 2 shows 1n simplified schematic form the most basic
pixel and drive circuitry arrangement for providing voltage-
addressed operation. Each pixel 1 comprises the EL display
clement 2 and associated driver circuitry. The driver circuitry
has an address transistor 16 which 1s turned on by a row
address pulse on the row conductor 4. When the address
transistor 16 1s turned on, a voltage on the column conductor
6 can pass to the remainder of the pixel. In particular, the
address transistor 16 supplies the column conductor voltage
to a current source 20, which comprises a drive transistor 22
and a storage capacitor 24. The column voltage 1s provided to
the gate of the drive transistor 22, and the gate 1s held at this
voltage by the storage capacitor 24 even after the row address
pulse has ended.

The drive transistor 22 in this circuit 1s implemented as a
p-type TF'T, so that the storage capacitor 24 holds the gate-
source voltage fixed. This results 1n a fixed source-drain cur-
rent through the transistor, which therefore provides the
desired current source operation of the pixel.

In the above basic pixel circuit, for circuits based on poly-
silicon, there are vanations in the threshold voltage of the
transistors due to the statistical distribution of the polysilicon
grains in the channel of the transistors. Polysilicon transistors
are, however, fairly stable under current and voltage stress, so
that the threshold voltages remain substantially constant.

The variation in threshold voltage 1s small 1n amorphous
silicon transistors, at least over short ranges over the sub-
strate, but the threshold voltage 1s very sensitive to voltage
stress. Application of the high voltages above threshold
needed for the drive transistor causes large changes in thresh-
old voltage, which changes are dependent on the information
content of the displayed image. There will therefore be a large
difference in the threshold voltage of an amorphous silicon
transistor that 1s always on compared with one that 1s not. This
differential ageing 1s a serious problem i LED displays
driven with amorphous silicon transistors.

In addition to variations in transistor characteristics there 1s
also differential ageing in the LED itself. This 1s due to a
reduction 1n the efliciency of the light emitting material after
current stressing. In most cases, the more current and charge
passed through an LED, the lower the efficiency.

FIGS. 3 and 4 show examples of pixel layout with optical
teedback to provide ageing compensation.

In the pixel circuit of FIG. 3, a photodiode 27 discharges
the gate voltage stored on the capacitor 24 (C , . ), causing the
brightness to reduce. The display element 2 will no longer
emit when the gate voltage on the drive transistor 22 (T ;.. )
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reaches the threshold voltage, and the storage capacitor 24
will then stop discharging. The rate at which charge 1s leaked
from the photodiode 27 1s a function of the display element
output, so that the photodiode 27 functions as a light-sensitive
teedback device. Once the drive transistor 22 has switched
ofl, the display element anode voltage reduces causing the

ischarge transistor 29 (T, ,,,..) 10 turn on, so that the
remaining charge on the storage capacitor 24 is rapidly lost
and the luminance 1s switched off.

As the capacitor holding the gate-source voltage 1s dis-
charged, the drive current for the display element drops
gradually. Thus, the brightness tails off. This gives rise to a
lower average light intensity.

FIG. 4 shows a circuit which has been proposed by the
applicant, and which has a constant light output and then
switches off at a time dependent on the light output.

The gate-source voltage for the drive transistor 22 1s again
held on a storage capacitor 24 (C_._ ). However, 1n this cir-
cuit, this capacitor 24 1s charged to a fixed voltage from a
charging line 32, by means of a charging transistor 34. Thus,
the drive transistor 22 1s driven to a constant level which 1s
independent of the data input to the pixel when the display
clement 1s to be illuminated. The brightness 1s controlled by
varying the duty cycle, in particular by varying the time when
the drive transistor 1s turned off.

The dnive transistor 22 1s turned oif by means of a discharge
transistor 36 which discharges the storage capacitor 24. When
the discharge transistor 36 1s turned on, the capacitor 24 1s
rapidly discharged and the drive transistor turned off.

The discharge transistor 36 1s turned on when the gate
voltage reaches a sullicient voltage. A photodiode 27 1s 1llu-
minated by the display element 2 and again generates a pho-
tocurrent 1n dependence on the light output of the display
clement 2. This photocurrent charges a discharge capacitor 40
(C, . ), and at a certain point in time, the voltage across the
capacitor 40 will reach the threshold voltage of the discharge
transistor 36 and thereby switch 1t on. This time will depend
on the charge originally stored on the capacitor 40 and on the
photocurrent, which in turn depends on the light output of the
display element. The discharge capacitor initially stores a
data voltage, so that both the inmitial data and the optical
teedback influence the duty cycle of the circuat.

There are many alternative implementations of pixel cir-
cuit with optical teedback. FIGS. 3 and 4 show p-type imple-
mentations, and there are also n-type implementations, for
example for amorphous silicon transistors.

The mvention will now be described generally with refer-
ence to FI1G. 3.

As shown 1n FIG. 5, each pixel 50 has a light-dependent
device 52 located laterally with respect to the pixel electrode
54. The design of the device 52, preferably a PIN or NIP diode
or Schottky diode, 1s to allow lateral 1llumination from the
pixel of interest 30a but to act as a light shield to a neighbour-
ing pixel 50b.

The photodiode 52 1s constructed outside the pixel aper-
tures. In some embodiments, the lateral illumination allows
the NIP/PIN device to have its top window covered with
metal, so that the passage of ambient light to the sensor can
also be reduced.

The efficiency of the NIP/PIN photodiode used in this
manner will be good across all wavelengths, as absorption
losses in the N and P layers of the device are no longer seen as
light can enter through the side of the device. The light level
will be lower than 1f the device were directly under the aper-
ture so a large photodiode is preferred as shown in FIG. 5.
This removes the non-uniformity effects of very small
devices.
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In other embodiments, the laterally positioned photodiode
can still receive light from above using reflecting paths.

The arrangement of the invention is particularly suitable
tor display devices which emit light through the cathode (top
emission) rather than devices that emit light through the °
anode (bottom emission). The reason for this will become
apparent Irom the discussion below of the conventional pixel
layouts for top and bottom emission.

FIG. 6 shows the known basic bottom emission structure

including the active matrix.

The device comprises a substrate 60 over which the drive
transistor semiconductor body 62 1s deposited. A gate oxide
dielectric layer 64 covers the semiconductor body, and a top
gate electrode 66 1s provided over the gate dielectric layer 64.

A first 1nsulating layer 68 (typically silicon dioxide or
s1licon mitride) provides spacing between the gate electrode
(which typically also forms row conductors) and the source
and drain electrodes. These source and drain electrodes are
defined by a metal layer 70 over the insulator layer 68, and the 2
clectrodes connect to the semiconductor body through vias as
shown.

A second 1nsulating layer 72 (again typically silicon diox-
ide or silicon mitride) provides spacing between the source
and drain electrodes (which typically also form column con- 25
ductors) and the LED anode. The LED anode 74 1s provided
over the second insulating layer 72.

In the case of a bottom emission display as shown 1n FIG.

6, this bottom anode needs to be at least partially transparent,
and I'TO 1s typically used. 30
The ELL material 76 1s formed 1n a well over the anode, and
1s preferably deposited by printing. Separate sub-pixels are
formed for the three primary colours, and a print dam 78
assists 1n the accurate printing of the different ELL materials.

The print dam 78 enables printing of separate pixels. This 35
dam layer 1s generally made of an insulating polymer and has
a height of several microns. A common cathode 80 1s pro-
vided over the display, and this 1s reflective and at a common
potential for all pixels (ground 1n FIG. 2).

FIG. 7 shows the basic known top emission structure 40
including the active matrix. The structure 1s essentially the
same as 1n FIG. 6, but the anode 74a 1s reflective and the
cathode 80a 1s transmissive. The cathode may again be
formed from I'TO, but may have a thin metal, combination of
several metals (e.g. Bg/Ag), or silicide coating between the 45
I'TO and polymer to control the barrier for electron injection.
For example, this may be a thin 5 nm layer of Bartum/20 nm
layer of Silver. Protection and encapsulation layers 82 cover
the display.

In a top-emission display, a transparent cathode 1s needed. 50
The cathode does, however, have to be highly conductive, and
at present highly conductive transparent metals are not
readily available. Therefore the cathode of top-emission dis-
plays comprises a (semi-) transparent layer on top of the
emissive pixel part and shunted with a lower resistance con- 55
ducting (non-transparent) metal 79. By placing this highly
conductive metal 79 on top of the dam 78 as shown, there 1s no
loss 1n pixel aperture.

According to the electrical characteristics of the matenals,
the anode metal can be a high work function metal, and 1t 1s 60
known to provide a layer o I'TO on top of a reflective metal to
achieve a high work function into the LED stack. In this way,
the anode electrode can also satisly requirements relating to
the physical properties of the electroluminescent maternials,
for example the wetting of the polymers. 65

FIG. 8 shows the integration of an amorphous silicon PIN/
NIP photo-diode 84 in a bottom emitting structure, in con-
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ventional manner. This type of photo-sensor 1s preferred as
the amorphous silicon has high quantum efficiency for photo
absorption.

This type of photo-sensor 1s 1deal for bottom emission as
the gate metal which 1s used to form the bottom electrode 86
of the diode stack screens the photo-sensor from external light
87. An open top aperture of the diode stack, shown schemati-
cally in FIG. 8, allows 1n light from the LED as shown by
arrow 88.

The positioning of the sensor, beneath the anode layer 1s
clearly not appropnate for top emission where the anode 1s a
reflective and opaque metal. Furthermore, the diode can give
rise to step coverage problems in the electroluminescent
matenal layer, giving non-uniformity of pixel characteristics.

FIG. 9 shows 1n more detail a first implementation of the
invention for use 1n a top emission structure. Where the com-
ponents 1n FIG. 9 correspond to those 1 FIGS. 6 and 7, the
same references are used and the description 1s not repeated.

The photodiode 90 1s positioned at the side of the EL
material area of the display, and comprises an NIP/PIN stack
for example of height approximately 1.5 um. The photodiode
1s 1lluminated by light emitted from the side of the LED
aperture as shown by arrow 92. The diode stack 1s sandwiched
between top and bottom electrodes 93, 94, and in the structure
shown, the bottom electrode 1s formed from the source/drain
metal layer 70 and the top electrode 93 1s formed from the
anode metal layer 74a. The top electrode covers the top of the
diode stack so that the device 1s 1lluminated laterally only. The
top electrode 93 also shields the diode stack from 1llumina-
tion from one side as well as from above.

The photodiode 1s constructed under the print dam 78 and
therefore has no effect upon the top emission aperture. Light
from the LED must enter the side wall of the diode, and for
this purpose, the diode must have a large height. A suitable
amorphous silicon diode height 1s 1.5 um although 1t may be
lower, for example 200 nm-1 wm.

FIG. 9 gives example layer thickness for the insulator layer
72 above the source/drain and for the anode metal. These
heights allow vertical adjustment of the LED layer 76 with
respect to the diode stack. A diode of 1.5 um height 1s sudifi-
cient to gather light from the LED. Thinning the anode metal
can enable the diode to gather more light as the LED will emat
upwardly, so the more of the photodiode above the plane of
the electroluminescent layer, the more light 1t will gather.

A thick amorphous silicon photodiode presents no extra
planarisation 1ssues because the diode 1s not under the LED
aperture. The layer 72 planarises the TFTs under the pixel
aperture.

The diode should be made as long as possible, preferably
the same length as a dimension of the aperture, to gather as
much light as possible. Its width can be limited to a few
microns because the wall width 1s simply required to absorb
red photons. This 1s also advantageous because the dam width
1s likely to be narrow 1n pixel designs at high resolution.

The screening of the photodiode from external light 1s
achieved by the top diode contact formed using the anode
metal, as mentioned above. Even light entering the display at
a very shallow angle will be refracted strongly towards the
display normal (as the materials used have a high refractive
index e.g. n>1.8) so that the top contact anode metal still
blocks this light. The diode should also be screened from light
from neighbouring pixels by making sure the metal anode
making the top contact on the diode of acts as a light block as
shown in FIG. 9.

In the examples above, the photodiode 1s illuminated only
laterally. However, 1t 1s possible to provide vertical 1llumina-
tion or to allow vertical and lateral 1llumination.
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The scheme 1n FIG. 9 only collects light on a diode edge,
and the vertical position of the photodiode must accordingly
be set and controlled precisely.

FIG. 10 shows (more schematically) a modification in
which a reflective path 1s defined between the display material

76 and the photodiode 90. This enables the photodiode to

collect light over an area rather than an edge, and allows more
flexibility in the vertical positioning of the photodiode within
the layer structure. FIG. 10 shows only the layers relevant to

the modification, and 1s a partial representation of the device.

In FIG. 10, the column metal 70 1s used to reflect the
downwardly directed light, rather than a reflective anode. The
LED anode 74 1s transparent and connects to the column
metal layer 70 through a via, as shown. The photodiode 90 1s
now positioned out of the direct line of sight of the LED layer
76, and 1t 1s placed at the level of the gate metal 62 instead of
at the column metal level as 1n FIG. 9. Direct light collected
may cause non-uniformity due to sensitivity to the precise
vertical position, and the embodiment of FIG. 10 reduces this
sensitivity.

In order to reflect light into the photodiode through a top
surface, the reflector under the pixel should 1deally be as deep
as possible under the ITO anode 74, and should also extend
laterally beyond the ITO anode 74 as shown in FIG. 10, to
increase the angle of collection.

As shown 1n FIG. 10, the column metal 70 provides a first
reflection of downwardly directed light. Light emitted at an
angle to the normal greater than a minimum will be retlected
and directed essentially laterally and with an upward compo-
nent (arrow 100). A reflecting layer 102 1s provided above the
photodiode 90 for providing a second reflection for this light
component to the photodiode. For this purpose, the print dam
polymer can be used as a mask for etching a reflecting layer to
leave the retlector 102 at the base of the printing dams 78.

This retlector 102 directs light to the top of the photodiode
but also acts as a light shield for ambient light.

FIG. 11 shows a vanation to FIG. 10, in which the top
mirror 110 1s added at the level of the ITO anode 74. Again,
the first retlection 1s provided by the column metal layer 70.
FIG. 11 also shows more clearly the photodiode 90 formed on
the gate metal layer 62, and also shows the TF'T semiconduc-
tor layer 66 and gate dielectric layer 64.

The processing stage for connecting the I'TO anode 74 to
the column metal layer using vias can also be used to form an
angled mirror 110 for higher efliciency, as shown in FIG. 11.
The other levels under the LED (such as the gate metal 62 and
semiconductor layers 66) can also be used to adjust the height
ol the pixel with respect to the photodiode, as necessary to
control light angles. The LED and top layers, as well as the
printing dam, are not shown 1n FIG. 11.

FIG. 12 shows a further modification 1n which the height
difference between the two mirrors 1s further increased to
improve light collection efficiency. The dam polymer 1s again
used to define the mirror 102 at the higher level, but the gate
metal layer 62 rather than the column metal 1s used to define
the bottom mirror. The top mirror metal can also be etched
under the dam 78 to provide an angled profile, and this can
reduce any pixel to pixel leakage. The semiconductor layer 66
can also be removed from under the gate metal portion form-
ing the bottom reflector to give increased separation, or left 1in
place as shown. This semiconductor layer has high surface
roughness, which propagates up through to the gate metal
layer, and this roughness may enhance light scattering to the
shallow angles.

The example of FIG. 12, with the gate metal used as a
reflector, gives giving maximum ITO layer 74 to retlector
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separation. Having the top retlector as high up the structure as
possible also enables light to be collected over a wider range
of angles.

The pixels of a colour display are grouped 1nto sub-pixels
of different colours, and FI1G. 13 shows for completeness a top
view ol a triplet of three active matrix LED pixels 50 (R, G,
B), the dams 78 and the photo-sensors 90 at one side of the
pixel underneath the dam.

FIG. 14 shows a cross section of the combination of the
pixel and dam. For good operation of the diode 1t 1s important
to reduce the leakage current. This can be provided for by
placing 1solating spacers 130 at both sides of the diode to
decrease current leakage at the sidewalls. FIG. 14 also shows
a Turther method of reducing optical crosstalk, 1n which the
cathode shunt metal 79 on top of the dam 1s asymmetric. At
the right side of the dam, the metal 79 shields the photo-
sensor from light emitted by the neighbouring pixel, and this
can be used 1n combination with the use of the top electrode
as discussed above (for example as shown by contact 132).

The area of the photodiode that recerves light 1s given by
the area of the sidewall facing the LED layer. Since the height
of the diode stack may be 1.5 um or less, the area may be very
small. As mentioned above, although the height of the diodes
1s preferably relatively low, the width can be as large as the
pixel length, as shown 1n FIG. 13.

The length of the exposed side wall of the diode stack can
be increased further as shown in FIG. 15. In this case, most of
the circumierence of the pixel active area 1s used to 1lluminate
a photodiode, excluding one edge (the left edge in FIG. 15).
At this edge, the photodiode of the neighbouring pixel 1s
positioned.

This configuration increases further the amount of light
sensed by the photo diode.

The examples above all use photodiode light sensors. An
amorphous silicon photo TF'T can also be used, as shown 1n
FIG. 16. This consists of an amorphous silicon layer 150 on
top of a source 152 and drain 134 electrode. Photons absorbed
in the channel between source and drain generate a photocur-
rent which can be sensed by the source and drain electrodes.
The photocurrent can also be influenced by application of a
gate electrode on top of the amorphous silicon layer.

The metal dam can 1n this case be used both as the gate of
the amorphous silicon photo TFT and the shunt 79 between
cathodes. Light emitted at a slight angle to the substrate may
again be reflected by the nside of the metal 79 towards the
photo TFT, increasing the size of the photocurrent. The
embodiment of FIG. 15 uses a dam formed from an insulating
transparent material covered by the shunt metal 79.

A low temperature polysilicon photo TFT can also be used
as the photosensitive device, with a resulting geometry simi-
lar to FIG. 16.

Display devices of the mvention will find particular appli-
cation as flat panel displays 1in mobile applications (Phone,
PDA, digital camera), 1in (laptop) monitors, and 1n televisions.
The invention also provides a solution to avoid ambient light
sensitivity 1n trans-emissive displays, for example for use 1n
window or head mounted displays. In the case of a trans-
emissive display, daylight from the other side can be shielded
for example by the power supply line.

The processes mvolved 1n the manufacture of the display
devices of the invention have not been described 1n this appli-
cation, as they will be conventional and routine to those
skilled 1n the art. Amorphous silicon, polysilicon, microcrys-
talline silicon or other semiconductor transistor technologies
may be employed. The invention can be applied to any pixel
circuit 1n which a photosensitive device 1s used as a feedback
clement for each pixel.
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As explained above, the invention provides particular
advantages for top emission device structures. However, the
invention can also be used to improve light collection effi-
ciency and remove step coverage problems in bottom emis-
sion display structures.

From reading the present disclosure, other modifications
will be apparent to persons skilled 1n the art.

The mvention claimed 1s:

1. An active matrix display device comprising a plurality of
printing dams and an array of display pixels, each pixel com-
prising:

a current-driven light emitting display element comprising,
an area of light emitting material sandwiched between
electrodes:

a light-dependent device for detecting the brightness of the
display element,

wherein the light-dependent device 1s located laterally out-
side of the area of the light emitting material defined by
the vertical planar edges of the light emitting layer of the
light emitting material, and separated from the light
emitting material by at least one 1nsulating layer,

wherein the vertical planar edges of the light emitting
material are defined 1n a direction between a top and a
bottom electrode of the light-dependent device

wherein the light dependent device 1s located 1n the same
horizontal plane as the light emitting material of the light
emitting display element and 1s configured to enclose the
light emitting material on at least three sides, and

wherein the light dependent device 1s directly 1lluminated
from light emitted from a side face of the light emitting
display element and travels in a horizontal plane from
said light emitting display to said light dependent
device,

wherein the light-dependent device 1s formed beneath one
of said plurality of printing dams,

a drive transistor circuit for driving a current through the
display element, wherein the drive transistor 1s con-
trolled 1n response to the light-dependent device output.

2. A device as claimed 1n claim 1, wherein the light-depen-
dent device comprises a photodiode.

3. A device as claimed 1n claim 2, wherein the photodiode
comprises a PIN or NIP diode stack or a Schottky diode and
top and bottom contact terminals.

4. A device as claimed 1n claim 3, wherein the top contact
terminal extends over the top of the stack and down one side
of the stack and acts as a light shield to pixels on the one side
ol the photodiode.

5. A device as claimed 1n claim 1, wherein the electrodes
comprise a top substantially transparent electrode and a bot-
tom substantially non-transparent, retlective electrode.
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6. A device as claimed claim 5, wherein the bottom elec-
trode 1s for reflecting light from the display element to the
light dependent device.

7. A device as claimed 1n claim 6, wherein the bottom
clectrode 1s for reflecting light emitted at an angle great
enough to reach the light dependent device.

8. A device as claimed 1n claim 6, further comprising a
reflecting layer above the light dependent device and for
reflecting light from the bottom electrode to the light depen-
dent device.

9. A device as claimed in claim 8, wherein the light emat-
ting material comprises a printable material.

10. A device as claimed 1n claim 9, wherein the reflecting
layer 1s formed at the base of the printing dams.

11. A device as claimed 1n claim 9, wherein the printing
dams comprise an insulating body and a conducting metal
layer over the msulating body.

12. A device as claimed in claim 11, wherein the conduct-
ing metal layer provides a low resistance shunt connecting the
top substantially transparent electrodes.

13. A device as claimed 1n claim 11, wherein the conduct-
ing metal layer defines the retlecting layer.

14. A device as claimed 1n claim 1, wherein the electrodes
comprise a top substantially transparent electrode and a bot-

tom substantially transparent electrode.

15. A device as claimed 1n claim 14, wherein the device
turther comprises an additional reflective layer beneath the
bottom electrode.

16. A device as claimed in claim 15, further comprising a
reflecting layer above the light dependent device and for
reflecting light from the reflecting layer to the light dependent
device.

17. A device as claimed 1n claim 16, wherein the light
emitting material comprises a printable material.

18. A device as claimed 1n claim 17, wherein the reflecting
layer 1s formed at the base of the printing dams.

19. A device as claimed 1n claim 1, wherein the light-
dependent device extends alongside the area of light emitting
material and extends along substantially the full length of one
side of the area of light emitting material.

20. A device as claimed in claim 19, wherein the light-
dependent device extends around an upper and lower portion
of the area of light emitting matenal.

21. A device as claimed in claim 1, wherein the light
emitting display element comprises an electroluminescent
display element.
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